Abstract: A combined active and passive shield is designed for an industrial axisymmetric induction heater for steel wire. Both the active and the passive shield should reduce the magnetic stray field of the induction heater in a given area, namely the target area. They should have low electromagnetic losses and cause a limited change of the heating induced in the workpiece. The positions as well as the currents of the active shield coils and the position and length of the passive shield are optimised. The numerical models are verified by comparing the results with measurements on the unshielded induction heater. Several passive shields (steel, copper and ferrite) and active shields are studied, resulting in a maximal field reduction of 43 dB.
Introduction
Induction heating devices are used for thermal treatment of conductive workpieces. This thermal treatment is obtained by eddy currents, induced in the conductive specimen. The eddy currents result from the time-dependent magnetic field, generated by one or by several excitation coils. The latter coils also create a magnetic field in the whole surrounding region that may exceed the ICNIRP reference levels [1] . To avoid possible disturbance of electronic devices or implants (e.g. pacemakers) [2] , the magnetic field should be mitigated in a defined area, namely the target area, by implementing passive and active shields [3] . A passive shield is a sheet of conductive and/or permeable material with limited electromagnetic losses [4] . An active shield consists of a number of compensation coils wherein proper currents generate counter fields that reduce the main field [5] .
The paper describes the design of an optimal combined passive and active shield to reduce the stray field of an axisymmetric induction heater for continuous heating of steel wire. The optimisation is a global optimisation. This means that both the passive shield and the active shield are optimised together by an algorithm that can find global minima.
The electromagnetic problem is described in Section 2. The optimal design is obtained by a genetic algorithm [6] that minimises an objective function containing finite element (FE) models of the induction heater. Measurements of the stray field of this induction heater are compared with simulation results to verify the finite element model of the unshielded induction heater. Several shielding situations are compared concerning their field reduction effectiveness and their eddy current losses. The aim of this paper is to use the described method to increase the insight into the practical shielding of an industrial induction heater.
The electromagnetic problem
For the optimisation of the shields, a detailed finite element model [7] of the induction heater is necessary. Figure 1 shows the geometry and material properties of the finite element model that corresponds with an industrial induction heater for the heating of steel wire. This axisymmetric, linear and time-harmonic model represents a real-scale induction heater with four excitation coils and a steel wire with a high magnetic permeability m r at the entrance of the heater, and m r ¼ 1 at the exit. Furthermore, the Figure shows the target area, i.e. the area in which the field has to be reduced, and the shields: a passive shield and 2 Â 3 compensation coils, placed symmetrically to the z ¼ 0 plane.
To design the shields, the optimisation algorithm has to find: 1) the optimal compensation coil coordinates and the optimal radius and length in z-direction of the passive shield with given thickness. The magnetic flux density in a point in the target area is a non-linear function of these coordinates. 2) the optimal currents in all compensation coils. As all compensation coils are in series, the numbers of coil turns are optimised together with only one compensation current. The magnetic flux density in the target area is a linear function of the coil currents.
The linear part 2) is solved by a least squares algorithm. For the non-linear part, a genetic algorithm finds the optimum by minimizing an objective function. The objective value is given by
with corresponding weighting factors w i , i ¼ 1 . . . 4. Item number i in the following list explains the penalisation term number i, corresponding with weighting factor number i.
1. The average norm of the magnetic flux density in the target area B avg is the integral of jBj divided by the surface of the target area S TA in the axisymmetric space. At one specific coordinate (r l , z l ), the flux density vector is in this linear model represented by two spatial components B r (r l , z l ) and B z (r l , z l ). Both components are complex to indicate the phase in the time-harmonic calculation. The norm jBj is obtained by firstly taking the absolute values of the complex quantities B r and B z . Secondly, the norm in
The integral of jBj is found by using the finite element model. 2. The power dissipated in the passive shield P p represents the exploitation cost of the passive shield. 3. The power dissipated in the active shield P a represents the exploitation cost of the active shield as well as the investment cost of the device that generates the compensation current. 4. The reduction of induced heating obtained in the workpiece due to the shields. In other words, the influence of the shields on the heating process. P Wp;noSh is the induced power in the workpiece without shields. P Wp;Sh is the energy dissipation in the workpiece with passive and active shield present. Both powers are calculated by the finite element model.
To summarise, we want to find a shield with low dissipation that maximally reduces the field in the target area with minimal disturbance of the heating process. The second and the third penalisation term inhibit the genetic algorithm to choosing a large passive shield very close to the excitation coil. Such a shield would cause a high field reduction, but with unacceptable losses and disturbance of the heating process.
Simulation and measurement results

The unshielded induction heater
Measurements and simulations are done for an induction heater, consisting of four excitation coils of 0.6 m length each ( Fig. 1) , that heats a steel wire for annealing. The workpiece temperature is below the Curie temperature in the major part of the induction heater. The operating frequency is 6.6 kHz and the measured active power is 346 kW. The measurements were carried out with the device described in [8] . Figure 2 shows the measured and calculated flux density B in the r ¼ cst plane, parallel to the axisymmetric axis of the unshielded induction heater, while the curves with markers ( * ) and ( Â ) in Fig. 3 show the same quantities in the z ¼ 0 plane, a plane orthogonal to the axis of axial symmetry. The calculated field distribution is depicted in Fig. 4 . The Figures show that the amplitude of B decreases fast with the distance of the induction heater axis: the ICNIRP reference limits for occupational exposure are exceeded within a distance of approximately 0.8 m from the axis of the induction heater. The measured field levels can be compared with the ones of 12 induction heaters and furnaces presented in [9] where, for instance, at 0.5 m from the induction heater, magnetic flux densities between 0.38 mT (induction brazing machine) and 490 mT (induction furnace) were measured.
The difference between the measured and the simulated flux density in Figs. 2 and 3 is due to the fact that the currents in the four excitation coils were not known exactly, as they could not be measured for the industrial induction heater since the individual coils are in parallel. The currents in the simulation can be estimated in several ways:
1. By solving the equation array: To calculate the currents in the simulation, method 2 was used. When substituting the currents found in (2) of method 1, the voltages of the coils 1 and 2 in Fig. 1 deviated less than 5% from the average voltage 0:25 P 4 k¼1 jV k j. The voltages induced in coils 3 and 4 deviated about 15%. In Table 1 , the average and maximal flux density in the target area can be found, as well as the power induced in the workpiece P wp . The latter is 320.4 kW and can be used to verify the indirectly identified currents: the calculated induced power is 7% lower than the measured total power of 346 kW. At 6.6 kHz, the average of jBj in the target area B avg , is 26.66 mT without shields. The maximal B is 200.7 mT. The ICNIRP norm of 30.7 mT (occupational exposure, 6.6 kHz) [1] is exceeded in a significant part of the target area (see Figs. 2 and 3 ).
Induction heater with passive shield
We add the optimised passive shield in ferrite that has a length of 3 m, a thickness of 10 mm and is placed at 0.15 m radius. It is modelled with s ¼ 0/Om and m r ¼ 2000. In Figs. 3 and 5, it can be seen that the flux density curve is more than ten times lower than the curve of the unshielded induction heater. B avg ¼ 1.99 mT. Table 1 shows that the maximal flux density norm is 17.75 mT. In other words, jBj is in the target area below the ICNIRP reference value of 30.7 mT. Notice that, when keeping the excitation current amplitudes constant, the power induced in the workpiece increases by adding a ferrite shield. The ferrite causes this positive effect by providing an easy return path for the flux, so that the inductance of the excitation coils increases and the same P wp can be generated with a smaller excitation current.
Simulations with a copper and a steel passive shield result in a high reduction of B avg of 43 dB and 28 dB, respectively, making an active shield unnecessary (see Figs. 3 and Fig. 5 ). The thickness of the shields is 1 mm, their conductivities 5.25 Â 10 7 /Om (copper) and 5.9 Â 10 6 /Om (steel) and their relative permeabilities 1 (copper) and 372 (steel). The permeability is experimentally determined for the average magnetic field in the material. This is an approximation because the magnetic field and the permeability in the nonlinear steel differ from point-to-point. The losses due to eddy currents are not negligible like they are in the ferrite shield with very low conductivity. In the copper shield, the dissipation is 117.8 W, which is low compared to the heating in the workpiece which is 307 kW. When placing the shield at 0.25 m radius instead of 0.2 m, the losses decrease to 55.8 W, but also B avg in the target area deteriorates from 0.183 mT to 0.256 mT. In the steel shield, the losses are very high (5086 W) although the average flux density in the target area is higher too: 1.018 mT. Placing the steel shield at 0.25 m distance from the axial symmetry axis evidently reduces the losses to 2478 W, while B avg is approximately the same: 0.933 mT. When reducing the length of the copper shield in the z-direction from 3 m to 2.7 m, B avg strongly increases from 0.183 mT to 1.213 mT: the shield must have at least the length of the induction heater to obtain good shielding. Finally, Table 1 shows that both shields disturb the heating process significantly: contrary to the increase of P wp with a ferrite shield, the steel and copper shield each cause P wp to decrease by 4%, which is acceptable. For the considered excitation frequency, the conclusion is that the induction heater can be shielded by using a 3 mlong passive shield in ferrite or in copper. Steel provides only a moderate shielding effectiveness with unacceptable electromagnetic losses.
Induction heater with active shield
An active shield was designed by optimising the r-and zcoordinates of the compensation coils, the compensation current and the numbers of turns of the coils. The active shield is chosen to have 2 Â 3 compensation coils, symmetrical to the z ¼ 0 plane to reduce the number of optimisation variables to three r-coordinates and three zcoordinates. It can be seen in Fig. 2 and Fig. 4 that the field of the induction heater is not completely symmetrical to the z ¼ 0 axis because of the changing workpiece properties and the different numbers of turns of the four excitation coils. The compensation coil coordinates are in mm: (220,71410), (280,71030) and (420,72000); the coil turns are À38, À40 and À5 turns, respectively. A negative number of turns means the opposite orientation, compared to the excitation coil. Without the passive shield, the active shield is not a very effective way to mitigate the magnetic field. Table 1 shows that the average flux density norm in the target area is reduced by only 37% although the dissipation in the active shield and the disturbance of the heating process were not penalised (w 3 ¼ w 4 ¼ 0) in (1). The field distribution in Fig. 6 shows why: there are not enough compensation coils to shield the magnetic field along the nearly 3 m-long induction heater. Adding more coils however, makes the active shield more difficult to optimise and more expensive to realise.
The electromagnetic losses in the active shield with compensation current I com are calculated by
where r C u ¼ 17 Â 10 À9 Om is the resistivity of copper, t k is the number of turns, and l c,k is the length per turn of compensation coil k. When using copper wire with 1 mm diameter, S c ¼ pð5 Â 10 À4 Þ 2 m 2 . With the total wire resistance of the 2 Â 3 compensation coils R Cu ¼ 5:89 O and an optimal compensation current of I com ¼ 10:49À 3:60i A, (3) results in P a ¼ 362:3 W, which is a rather high value due to the high compensation current. The excitation current is taken as a reference defining the phase angle. The active shield with 2 Â 3 coils has a high P a but nevertheless, it is not able to mitigate the magnetic field effectively.
Induction heater with combined active and passive shield
The design of a combined passive shield in ferrite and an active shield with 2 Â 3 compensation coils requires the optimisation of eight geometrical variables: three r-and three z-coordinates of the compensation coils and the rposition and length in the z-direction of the passive shield. Next to these geometrical quantities, also the compensation current and the numbers of turns in each coil need to be optimised.
We first consider an active shield combined with the 10 mm-thick passive shield in ferrite. The active shield has again 2 Â 3 compensation coils with optimised numbers of turns: À40, 20 and À1, respectively. The compensation current of 3.852À1.343i A is small: the product 7current7 Â turns is 498 for the compensation coils and 1.47 Â 10 5 for the four excitation coils together. Figure 7 illustrates the field distribution with both active and passive shields present. The compensation coil (r,z) coordinates are in mm: (130,71550), (160,71750) and (390,71780). B avg is 0.826 mT with both shields. Compared to the unshielded case, this is a reduction of 30 dB. The ferrite shield is chosen with r ¼ 0.15 m, the minimal distance of the induction heater that the optimisation algorithm could choose, (when placing a passive shield closer to the induction heater, both the field reduction in the target area and the losses in the material increase. As the losses in the ferrite are neglected, the optimisation algorithm can choose the passive shield at minimal distance without having a high objective value due to the losses.) The ferrite shield length is chosen at 3 m: slightly longer than the induction heater itself (2.8 m). The ICNIRP norm of 30.7 mT (occupational exposure, 6.6 kHz) is nowhere exceeded in the target area nor in the space between the ferrite shield and the target area (except very close to a compensation coil). In the whole target area, jBj is even lower than the ICNIRP norm for public exposure, which is 6.25 mT at the considered excitation frequency. Figure 3 indicates in the z ¼ 0 plane almost no difference between shielding with only a ferrite shield and shielding with the ferrite plus active shield. Figure 5 verifies this in the r ¼ cst plane, but shows that the active shield mainly reduces B at the edges of the target area. The power in the workpiece, already increased by adding a ferrite shield, seems to increase even more by adding the active shield. When using copper wire of 1 mm diameter, the losses in the active shield are: As the conductivity of the ferrite is modelled to be zero and no magnetic losses are modelled, P p is zero. Consequently, w 2 was chosen as zero too for optimisations with ferrite shields. The last term is negative as the increase of P wp is advantageous. Secondly, we optimise the same active and passive shield, but with high weighting factors w 3 and w 4 . B avg in the target area is higher (1.303 mT instead of 0.826 mT), but the compensation current is only À0.446+0.155i A. Consequently, the losses in the active shield are less than 1 W. Nevertheless, B avg is much lower than with only the ferrite passive shield. In the objective value, the third penalisation term (w 3 P a ¼ 23.5) is, in spite of the rather high w 3 , small compared to the first one (1303).
In order to choose the weighting factors, a few 'trial and error' finite element calculations can be executed prior to the optimisation. Each finite element model describes the induction heater with a (randomly chosen) shield. The calculations give a rough indication of the influence of a change in the shield geometry on the field reduction, the losses and the disturbance of the heating process. Based on this information, the weighting factors can be estimated such that all terms in the objective value have approximately the same contribution. Then, the relative value of the weighting factors can be changed in order to obtain a shield with the desired characteristics. As the reduction of the magnetic field is the main purpose of the shield, the weight of the term B avg should be increased to make this term dominant in the objective value. If, for example, rather high losses can be tolerated in the passive shield, the corresponding weighting factor can be decreased. Choosing the weighting factors w 2 ¼ w 3 ¼ w 4 ¼ 0 however may result in useless solutions e.g. a shield that dissipates more energy than the workpiece.
As the ferrite is modelled as linear material without conductivity, the eddy current losses and the hysteresis losses are neglected in the passive shield. This approximation is only acceptable if the induction is far below the saturation induction of about 0.3 T. The maximal induction in the 10 mm thick ferrite shield is only 39 mT. The ferrite is not saturated and can be chosen thinner or, as the induction heater is only accessible at one side, it can be built at one side of the induction heater only. The latter possibility has not been analysed.
To limit the electromagnetic losses of the copper passive shield, and nevertheless take advantage of its excellent shielding capabilities, one could think about a shorter passive shield combined with an active shield. Table 1 shows the results for a copper shield with length in the z-direction forced to 1.5 m. By choosing the radial position at the maximal 0.3 m, the optimisation algorithm tried to reduce the losses in the passive shield: 17.2 W. However, the losses in the active shield are 223.2 W (total losses 240.4 W) because of the high compensation current of À7.92+2.60i A. Moreover, the resulting B avg in the target area is still high (9.646 mT) and the maximal value is far above the ICNIRP reference limit. Although the shielding is excellent around the z ¼ 0 axis, behind the copper shield, the field reduction is poor at the edges where the high maximum occurs. The active shield consumes a lot of energy, but is not able to reduce the magnetic field appropriately. An advantage of the small size of the copper shield is that the reduction of P wp is small. This shield configuration shows again the conclusion of Section 3.3: an active shield with 2 Â 3 coils is not able to shield the considered induction heater properly without a long passive shield.
Conclusion
The optimisation algorithm designs a combined passive and active shield for a steel-wire induction heater that reduces the field in the target area significantly without excessive losses and with limited disturbance of the heating process. Simulations show that at the working frequency of 6.6 kHz, copper and steel realise a high field reduction, even without an active shield, on condition that the shield has at least the same length as the induction heater. When using ferrite, an active shield enhances the shielding performance, especially at the edges of the target area. If the eddy current losses are taken into account, only the ferrite and the copper (not steel) are acceptable materials for shielding. 
